Avian perivitelline membrane, an investment homologous to the zona pellucida of mammalian oocytes, is composed of at least two glycoproteins. Previous studies have indicated that one of the components, a glycoprotein homologous to mammalian ZPC, is produced and secreted by the granulosa cells of developing follicles of the chicken ovary. In the present study, we evaluated the expression and regulation of ZPC in Japanese quail (Coturnix japonica) granulosa cells both in vivo and in vitro. Western blot analysis of the SDS-solubilized granulosa layer using anti-quail ZPC antiserum showed that the amount of ZPC increased in parallel with follicular development. Northern blot analysis of total RNA using cDNA of quail ZPC showed that the increase in mRNA expression was also correlated with follicular development. To investigate the regulation of ZPC production, the granulosa cells were cultured in a medium containing steroid hormones such as progesterone, estradiol-17␤, or testosterone. By measuring ZPC protein and mRNA with Western and Northern blot analyses, respectively, we found that addition of testosterone maintained ZPC contents in the culture of the granulosa cells, and that ZPC mRNA expression was high in the culture with testosterone compared to the control. These results suggest that testosterone stimulates ZPC protein production at the gene transcription level.
INTRODUCTION
Mature oocytes of vertebrates are surrounded by an extracellular matrix generally termed the egg envelope, although different names have been adopted for different classes [1] . For most mammalian species, an egg envelope called the zona pellucida (ZP) comprises three glycoproteins: ZPA, ZPB, and ZPC [2] . These components are assembled into a three-dimensional matrix around the oocyte and serve several functions in the process of fertilization, including species-specific sperm-egg binding, induction of the acrosome reaction, and prevention of polyspermy [3] . The seminal work of Bleil and Wassarman [4] [5] [6] during the 1980s established that ZPC is a major component respon-sible for the initial sperm-egg recognition in mouse oocyte. In amphibians, the majority of the ligand activity involved in sperm binding is also derived from ZPC [7, 8] .
The avian egg is a complex of an oocyte and extracellular matrices. At the time of ovulation, the oocyte is surrounded by the perivitelline membrane, which is called the inner layer of the vitelline membrane after laying [9] . The vitelline membrane consists of three layers: an inner layer, an outer layer, and a continuous membrane in between [10] . The outer layer adheres to the inner layer after ovulation in the infundibulum part of the oviduct [9] . The inner layer is a three-dimensional network of fibers and a structure similar to that observed between the granulosa cells and the oocyte in follicles before ovulation [11] .
Two glycoproteins were identified as components of the inner layer of the vitelline membrane in the avian egg: 33-and 175-kDa glycoproteins in quail [12] , and 32-and 183-kDa glycoproteins in hens [13] . We have found that antiserum raised against the 33-kDa glycoprotein of a quail egg can recognize a protein with a molecular mass of 35 kDa in the perivitelline membrane in preovulatory follicles [14] . Modification of the 35-kDa protein to 33 kDa has been demonstrated by the deletion of 26 amino acids from the N-terminus, with oviductin-like protease secreted from the infundibulum part of the oviduct [15] . The 35-kDa protein band had also been detected in the lysate of granulosa cells, indicating that the origin of the 35-kDa protein is the granulosa cells of the preovulatory follicle.
The cDNA encoding for this protein was cloned (GenBank accession no. D89097 for chicken and AB012606 for quail), and a high degree of homology of its nucleotide sequence and primary polypeptide structure with those of mammalian, amphibian, and fish ZPC homologues was noted [16] . Hence, it was suggested that this protein be called ZPC. Although a common ancestor might be suggested for the ZPC homologues of various species, the expression of ZPC appears to be regulated differently in different species. Clear evidence shows that ZPC is synthesized by the oocytes themselves in mice [17] and in Xenopus sp. [18] , whereas the granulosa cells in the follicles also participate in the formation of ZPC in rabbits [19] and in cynomolgus monkeys [20] . On the other hand, a glycoprotein homologous to ZPC in chorion, the fish egg envelope, is produced in the liver and transported to the ovary by the blood circulation, like vitellogenin [21, 22] .
To our knowledge, the regulation of mammalian ZPC production in oocytes has not been studied, but the gene expression of a fish ZPC homologue in the liver has been found to be regulated by estrogens [23] [24] [25] . Moreover, down-regulation of a ZPC homologue by human chorionic gonadotropin and 11-ketotestosterone has been reported in the testes of Japanese eel [26] .
Although the physiological importance of avian ZPC for fertilization suggests it to be the candidate for a ''sperm receptor'' in quail [27] , the regulation of ZPC production in granulosa cells during the ovulation cycle remains obscure. To investigate the regulatory mechanism of ZPC production, we have studied the expression of ZPC during the ovulation cycle by Western and Northern blot analyses. Moreover, we cultured the granulosa cells with various steroid hormones to study the endocrine control of ZPC production.
MATERIALS AND METHODS

Animals and Tissue Preparation
Female Japanese quail (Coturnix japonica), 15-30 wk of age, were individually caged under a photoperiod of 14L: 10D (lights-on at 0500 h) and provided with water and a commercial diet (Tokai Kigyo, Toyohashi, Japan) ad libitum. Almost all birds lay eggs regularly at the same time every day, ranging from 1500 to 1800 h. The exact time of oviposition was recorded automatically for each bird to the nearest 5 min, and ovulation was assumed to occur 15-30 min after oviposition of the previously ovulated oocyte [28] .
Ovaries from at least three birds were removed after cervical dislocation. Follicles from each ovary were dissected, cleaned of residual connective tissue, and placed in a physiological saline. The granulosa layer was isolated as a sheet of granulosa cells sandwiched between the perivitelline membrane and the basement membrane as previously described [29] .
Cell Culture
To isolate the granulosa cells, the granulosa layers were dispersed by incubation at 37ЊC for 10 min with 500 U/ml of collagenase (Type I; Sigma, St. Louis, MO) in Hanks' balanced salt solution (BSS) as previously described [30] . After having been washed repeatedly with Hanks' BSS, the cell suspension was diluted with RPMI-1640 medium (Gibco/Life Sciences, Gaithersburg, MD) to a final concentration of 1 ϫ 10 7 viable cells/ml. The density and viability of the cell preparations were determined using a hemocytometer and the trypan blue exclusion technique [31] . The viability of the cell preparations was greater than 95%. Aliquots (1 ϫ 10 6 cells) of each cell suspension were pipetted into 12-ϫ 75-mm polystyrene tubes (Becton Dickinson, Franklin Lakes, NJ), and the final volume of each tube was brought to 0.5 ml with the medium. When steroid hormone was added to the medium, the ethanol concentration never exceeded 0.1%. Cells were then incubated as suspension cultures for up to 48 h at 39ЊC while being shaken constantly in a humidified atmosphere of 5% CO 2 and 95% air.
Western Blotting
The granulosa layers were solubilized in 1% SDS buffered at pH 6.8 with 70 mM Tris-HCl (TBS), followed by centrifugation at 14 500 ϫ g for 15 min. Next, SDS-PAGE was performed as described previously [32] using 12% and 5% polyacrylamide for resolving and stacking gels, respectively. Protein content of the samples was determined according to the method described by Lowry et al. [33] using BSA as a standard. For Western blotting, gels were equilibrated in a transfer buffer (25 mM Tris, 40 mM aminocaproic acid, and 20% methanol) for 15 min at room temperature. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon, Millipore, Bedford, MA) using a semidry transfer system at 1 mA/cm 2 of the gel for 1 h [34] . The membrane was blocked for 2 h with 0.1% gelatin in saline buffered at pH 7.4 with 10 mM TBS to reduce the nonspecific background. The PVDF membranes were washed three times for 30 min in 0.1% Tween-20 in TBS (TBS-T) and then incubated overnight at room temperature with anti-quail ZPC antiserum [14] diluted with TBS (1:2000). The membranes were again washed three times with TBS-T and three times with PBS for 10 min each wash, then reacted with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (Cappel, Durham, NC) diluted with PBS (1:1000) for 2.5 h at room temperature. Washing with PBS was repeated three times for 10 min each time. Finally, the membrane was reacted with 3,3Ј-diaminobenzidine tetrahydrochloride (6 mg per 10 ml) buffered at pH 7.6 with 50 mM TBS containing 0.03% hydrogen peroxide and 0.03% NiCl 2 .
Northern Blotting
For Northern blotting, total RNA was isolated from granulosa layers or cultured granulosa cells by Isogen (Nippon Gene, Toyama, Japan), which utilizes a modification of the acid guanidinium thiocyanate-phenol-chloroform extraction method [35] . The RNA concentration and purity were determined by absorbance at 260 and 280 nm. Total RNA was denatured at 65ЊC for 15 min in a formaldehydecontaining buffer and subjected to electrophoresis in 1% agarose and 2.2 M formaldehyde gels. After electrophoresis, the gels were stained with ethidium bromide, and RNA was transferred to a Hybond-N ϩ nylon membrane (Amersham Life Science, Bucks, England) by overnight capillary blotting in a 20ϫ saline-sodium phosphate-EDTA buffer (SSPE; 1ϫ SSPE is 150 mM NaCl, 10 mM NaH 2 PO 4 , and 1.25 mM EDTA [pH 7.4]). Membranes were baked at 80ЊC for 2 h, followed by ultraviolet cross-linking. Transcript size was estimated by comparison with 0.2-10 kilobase (kb) RNA size standards (Novagen, Madison, WI). Equal loading of RNA onto gels was verified by ethidium bromide staining of 18S and 28S bands of ribosomal RNA, because ␤-actin mRNA, a common housekeeping gene, is not expressed at consistent levels during follicular development in chicken [36] .
The blots were prehybridized at 42ЊC for 3 h with 20 g/ml of calf thymus DNA in 50% formamide, 5ϫ SSPE, and 5ϫ Denhardt's solution (1ϫ Denhardt's solution is 0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, and 0.02% BSA).
The blots were hybridized with a 32 P-labeled cDNA probe at 42ЊC for 16-20 h in the same solution. The probe used was quail ZPC cDNA (778-base HincII restriction fragment, position 88-866 in quail ZPC cDNA; GenBank accession no. AB012606). The radiolabeled cDNA probe was generated by random primer labeling of 50 ng of cDNA with ␣-32 P-deoxycytidine 5Ј-triphosphate (1.85 MBq/reaction) using a kit (Redi Prime II random prime labeling system; Amersham). After hybridization, the membrane was washed twice with 2ϫ SSPE and 0.1% SDS for 10 min each time at room temperature, followed by two washes in 1ϫ SSPE and 0.1% SDS and two washes in 0.1ϫ SSPE and 0.1% SDS for 15 min each time at 65ЊC. Membranes were exposed to autoradiographic film at Ϫ80ЊC for 1-5 days.
The amounts of ZPC mRNA transcript were analyzed by densitometric scanning of the autoradiographs and were normalized against the values obtained for ribosomal RNA.
H-Leucine Incorporation into ZPC
After the culture of granulosa cells, the medium was removed, and the cells were washed with Hanks' BSS and incubated with 0.5 ml (0.57 MBq) of 3 H-leucine (2.55 TBq/ mmol; Amersham) in leucine-free RPMI-1640 medium. After incubation, the medium was collected, and the cells were washed twice with ice-cold PBS and then lysed with 0.5 ml of RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, and 50 mM TBS [pH 7.5]). The medium or the cell lysate (100 l) was incubated for 1 h at 4ЊC with 25 l of anti-ZPC antiserum (1:10 dilution). The immune complex was precipitated by centrifugation at 10 000 ϫ g for 1 min after having been incubated for 30 min at 4ЊC with 25 l of Immunoprecipitin (Staphylococcus aureus Cowan I; Gibco BRL, Gaithersburg, MD). The precipitates were washed twice with ice-cold PBS and solubilized in 50 l of Laemmli's sample buffer by heating at 95ЊC for 5 min. The supernatants, after centrifugation at 10 000 ϫ g for 1 min, were measured for their radioactivity by a liquid scintillation counter.
Statistical Analysis
All experiments were repeated from two to five times. Data were analyzed for significant differences using AN-OVA, and means were compared using Duncan's multiple range test. A P value of less than 0.05 denoted a statistically significant difference.
RESULTS
ZPC Contents and mRNA Expression During Follicular Development
Western blotting of the SDS-solubilized granulosa layer obtained from the yellow follicles at defined points in time before ovulation is shown in Figure 1 . Antiserum to quail ZPC [14] detected a 35-kDa immunoreactive product in the granulosa layer. Intensity of the immunostaining appeared to increase progressively during follicular development. The results of densitometric analysis of the immunostaining, expressed as an arbitrary unit per follicle, also revealed the increase in ZPC protein during follicular development (Fig. 1) .
Northern blotting of the total RNA extracted from various tissues, including the granulosa layer, theca layer, oviduct, liver, kidney, spleen, and several parts of digestive tracts, showed that only the granulosa layer contained the mRNA transcript of ZPC at approximately 1.4 kb (data not shown). The RNA extracted from the granulosa layers of various sizes of follicles were compared by Northern blotting, and the levels of ZPC mRNA transcript increased as the follicle developed to the largest preovulatory stage (Fig.  2) .
Effects of Steroid Hormones on ZPC Production In Vitro
To investigate the effects of various steroid hormones on ZPC production, the granulosa cells obtained from the largest and the second-largest follicles were cultured for 48 h with increasing concentrations of progesterone, estradiol-17␤, or testosterone, and the media during 0-24 and 24-48 h of culture were subjected to Western blotting. Although no significant differences were found in the contents of ZPC in the culture medium during 0-24 h (data not shown), the addition of 100 nM and 1 M testosterone caused an increase in the ZPC contents in the medium during 24-48 h (Fig. 3) . This effect was observed in the granulosa cells of the largest and the second-largest follicles. Other hormones caused no significant increase, but the addition of progesterone to the culture of the granulosa cells of the largest follicle caused a decrease in ZPC content.
To examine the effect of testosterone more closely, the culture media were recovered every 6 h and subjected to Western blotting. As shown in Figure 4 , the ZPC contents of the media were high during the initial 12 h of the culture, and the effect of testosterone was not obvious. Intensity of immunostaining in the media of the control culture faded by 30 h to an almost nondetectable level, whereas that of the culture with testosterone remained for up to 30 h. Consequently, the effect of testosterone became prominent after 18 h of culture in the largest follicle and after 12 h in the second-largest follicle.
Effect of Testosterone on 3 H-Leucine Incorporation into ZPC
To verify that the effect of testosterone observed after 18 or 12 h (in the cells of the largest and the second-largest follicles, respectively) of culture was due to synthesis of the ZPC protein, the granulosa cells cultured for 24 h with or without 1 M testosterone were incubated with 3 H-leucine for 6 h, and the radioactivity immunoprecipitated with anti-quail ZPC antiserum was measured. As shown in Figure 5A , the radioactivity incorporated into ZPC was high in the cells cultured with testosterone. The incorporation of radioactivity into ZPC was linear for up to 8 h of the incubation (Fig. 5B) .
Effect of Testosterone on ZPC mRNA Expression
The effect of 1 M testosterone on ZPC mRNA expression in vitro was investigated by Northern blotting. The granulosa cells were cultured with or without 1 M testosterone for 24 h, and the total RNA was subjected to Northern blotting. As shown in Figure 6 , mRNA levels increased when granulosa cells from the largest and the second-largest follicles were cultured with testosterone.
DISCUSSION
As reported previously in studies of hens [16, 37] , quail granulosa cells produce ZPC, which is one of the components of the perivitelline membrane, and the ZPC content in follicles increases during the final stage of follicular development. The present study is, to our knowledge, the first to report that ZPC production is stimulated by testosterone in avian granulosa cells.
Little is known about the pattern and regulation of ZPC expression in other species. Immunohistochemical studies of rabbit, marmoset, rhesus monkey, and human ovaries have shown the presence of ZPC as early as in primordial follicles [38] . The in situ hybridization studies of cynomolgus monkey (Macaca fascicularis) ovaries also showed that ZPC was expressed in primordial follicles [39] . In the present study, we did not investigate the presence of ZPC in the prehierarchal follicles, but the ZPC contents expressed per unit of protein in the granulosa layer or per follicle were at undetectable levels in the small, yellow follicles. An abrupt increase both in ZPC protein and ZPC mRNA was observed only during the final 48 h of follicular development. In bovine ovaries, the follicle cells, especially the cumulus and corona radiata cells, contribute to ZPC mRNA synthesis to an increasing extent during follicular development, whereas during the early phases of development, the mRNA encoding ZPC is predominantly localized in the oocyte [40] .
Such disparity among species indicates a species specificity in ZPC synthesis during follicular development. Because the properties of the egg envelope vary in different species [41] , the ontogeny and sites of ZPC protein synthesis also are likely to vary. In mice, clear evidence shows that glycoproteins of the zona pellucida are synthesized exclusively by the oocyte itself [17] , and the ZPC transcript has not been detected in granulosa cells [42] . In dogs and pigs, however, follicle cells take part in zona protein synthesis [43, 44] . Lee and Dunbar [19] have also demonstrated the presence of mRNA encoding the 55-kDa protein (ZPB family) in cultured rabbit granulosa cells. Our study showed that the ZPC contents of the media gradually decreased in the control culture, whereas those in the culture with testosterone remained at significant levels. Moreover, intensity of ZPC mRNA was prominent when the granulosa cells were cultured with testosterone. To date, studies on the hormonal regulation of ZPC production have been limited. The immunohistochemical study of bovine follicles suggested that synthesis of ZPC in follicle cells was influenced by the medium used [40] . A cumulus-oocyte complex matured in vitro in a medium supplemented with FSH, LH, and heat-inactivated estrus cow serum showed high amounts of ZPC as well as enhanced frequencies of in vitro fertilization and blastocyst development. In contrast, a cumulus-oocyte complex matured in a medium without these supplements revealed reduced ZPC synthesis.
In female birds, androgen is synthesized by the theca cells of medium-sized follicles [45] . The peak concentration of testosterone in serum occurs 6 to 10 h before ovulation [46] , and follicular venous plasma of the fourth-to second-largest follicles contain a significantly higher concentration of testosterone than that in peripheral plasma [47] . Secretion of androgen is regarded as the result of excess substrate, which cannot be metabolized to estrogen by aromatase, and the role of androgen in avian female reproduction has been unclear. However, the granulosa cells in chicken follicles express an androgen receptor [48] , indicating that androgens may act on the follicular development via a paracrine and/or an autocrine action.
Johnson et al. [49] reported that testosterone, in coordination with estradiol-17␤, suppressed LH-stimulated progesterone production in hen granulosa cells, and Lee and Bahr [50, 51] showed that testosterone acted as a competitive inhibitor of cytochrome P450 scc . It should be noted, however, that they observed the effects of testosterone on LH-stimulated progesterone production during short-term incubation. In contrast, Phillips et al. [52] reported that testosterone caused a significant increase in progesterone production during 48 h of culture. We also demonstrated that testosterone stimulated progesterone production during 66 h of culture of quail granulosa cells [53] . Thus, the role of testosterone in steroidogenesis is inconsistent and depends on the experimental conditions. Although ovulation can occur without any preovulatory increase in plasma testosterone [54] , testosterone treatment induces ovulation in vitro, and administration of anti-testosterone antiserum in vivo effectively blocks ovulation [55] . Moreover, testosterone suppresses the activity of the plasminogen activator, a serine protease implicated in the process of follicular rupture [56] . Thus, testosterone is regarded as an important sex hormone in female birds. The present study has explored another important role of testosterone in avian follicular development.
In contrast to the effect of testosterone, addition of progesterone seemed to cause a decreased intensity of the immunoreactive band of ZPC protein in the culture media. Although we have not pursued the effect of progesterone on ZPC production in the present study, the response to progesterone might vary during the ovulation cycle, because the effect of progesterone was prominent in the granulosa cells of the largest follicle.
We have not investigated the precise mechanism of ZPC secretion from cells and the formation of fibrous molecules outside the cells. We speculate that ZPC secreted from granulosa cells is directly integrated into the perivitelline membrane in the space between oocyte and granulosa cells, because ZPC could not be detected in the serum. However, in our in vitro system, ZPC was in soluble form in the culture medium. This might be due to the disruption of the morphology of the granulosa cells and the oocyte. It is quite interesting in this regard that the soluble form of ZPC is present in bovine follicular fluid [40] . Efforts are currently underway to investigate the topology of ZPC secretion, in which selective secretion of ZPC to the apical surface of the granulosa cells forms the perivitelline membrane.
In conclusion, we have demonstrated that the addition of testosterone maintains ZPC contents in the culture of granulosa cells, and that ZPC mRNA expression is high in the culture with testosterone compared to the control. These results suggest that testosterone stimulates ZPC protein production at the gene transcription level.
